The development of electrical excitability involves complex coordinated changes in ion channel activity. Part of this coordination abpears to be due to the fact that the expression of some channels is dependent on electrical activity mediated by other channel types. For example, we have previously shown that normal potassium current development in embryonic skeletal muscle cells of the frog Xenopus laevis is dependent on sodium channel activity. To examine the interrelationships between the development of different ionic currents, we have made a detailed study of electrical development in cultured Xenopus myocytes using whole-cell patch-clamp recording.
The initial expression of potassium, sodium, and calcium currents is followed by a brief period during which the densities of potassium currents decrease, while at the same time sodium and calcium current densities continue to increase, which may increase electrical excitability during this time. The normal developmental increase in both potassium and sodium currents is inhibited by the sodium channel blocker tetrodotoxin, suggesting that electrical activity normally stimulates the expression of both these currents. These effects of electrical activity appear to be mediated via activation of voltage-gated calcium channels. We suggest that the developmental acquisition of sodium and calcium channels by these cells, possibly coupled with a transient decrease in potassium current density, lead to an increase in electrical excitability and calcium entry, and that this calcium entry provides a critical developmental cue controlling the subsequent development of mature electrical properties.
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The development of electrical excitability in muscle cells and neurons is characterized by temporally stereotyped changes in the types, densities, and properties of voltage-gated ion channels present (Moody et al., 1991; Spitzer, 1991; Rihera and Spitzer, 1992; Spruce and Moody, 1992; Broadie and Bate, 1993) . These characteristic patterns of channel development suggest that they underlie developmentally critical changes in electrical excitahil- (Brevet et al., 1976 ), acetylcholinesterase (Rubin, 1985 , and the cell adhesion molecules N-cadherin (Hahn and Covault, 1992) and NCAM (Lyles et al., 1993) , as well as several members of the basic-helix-loop-helix family of muscle-specific transcription factors (Eftimie et al., 1991; Buonanno et al., 1992; Neville et al., 1992; Chahine et al., 1993; Huang et al., 1993) . The link between electrical activity and muscle properties has been suggested to involve changes in protein kinase C activity (Fontaine et al., 1987; Klarsfeld et al., 1989; Huang et al., 1992 Huang et al., , 1993 , intracellular cyclic AMP (CAMP; Sherman et al., 1985; Offord and Catterall. 1989; Chahine et al., 1993) , and intracellular calcium (Sherman and Catterall, 1984; Rubin, 198.5; Klarsfeld et al., 1989; Offord & Catterall, 1989; Hahn and Covault, 1992) .
Since electrical activity plays such a key role in controlling muscle properties, we have examined in detail the developmental profiles of different voltage-gated ionic currents that control electrical excitability during muscle development in the frog, Xenq~u.s luevis. We have also studied the effects of electrical activity on the development of these different currents by pharmacologically blocking activity in myocytes developing in culture.
We previously described the earliest developmental appearance of voltage-gated potassium and sodium currents in cultured embryonic Xcmo,~u,s skeletal muscle cells (Spruce and Moody, 1992; Linsdell and Moody, 1994) . These studies have emphasized the functional importance of the fact that these cells always acquire potassium currents earlier in development than sodium currents; reversing the developmental sequence by misexpression of cloned sodium channels caused a compensatory upregulation of potassium current density. Here, we describe the later development of voltage-gated currents in these cells. Although the overall trend is an increase in current density during development, we have identified a brief period (approximately 4 hr) during which the densities of both sustained outward and inwardly rectifying potassium currents decrease, while sodium and calcium current densities continue to increase. We find that subsequent increases in potassium and sodium current densities are inhibited by the sodium channel blocker tetrodotoxin (TTX), suggesting that the later development of multiple channel types are stimulated by electrical activity. These effects of electrical activity appear to be mediated via calcium influx through voltage-gated calcium channels, since the effects of TTX are mimicked by the calcium channel blocker nifedipine. We suggest that the acquisition of functional sodium and calcium channels by these cells, possibly coupled with a transient decrease in potassium current density, leads to an increase in electrical activity and calcium entry, which is an important signal in subsequent ion channel development. 
Materials and Methods

Results
Our previous studies concentrated on the development of voltage-gated potassium and sodium currents in embryonic Xr~rq>~,lrs myocytes during the first IO hr after stage IS (Spruce and Moody, 1992; Linsdell and Moody, 1994) . Here. we describe the later developmental time courses of these currents. up to 30 hr after stage 15. We have also examined the time course of calcium current development for the first time.
At stage 1.5, the earliest time examined, these cells usually exhibit no voltage-gated currents in response to either depolarization or hyperpolarization.
A sustained outward potassium current (I,) appears in most cells 2&4 hr after stage IS. and its density increases steadily until I4 hr (Figs. I, 2A) . Between 14 and I8 hr. however, I, density decreases significantly (11 < O.OI : one-tailed t test), before again increasing between IX and 30 hr. At early times, the activation kinetics of I, change, slowing dramatically between 4 and 6 hr (Fig. I; Linsdell and Moody, 1994) . We do not know if this represents a change in the properties of a single type of channel (e.g., Ribera and Spitzer, 1991) or the addition of a more slowly activating type of channel. At later times, the activation kinetics of I, are difficult to observe, due to the addition of a rapidly activating, transient outward current ( Fig. I ; see below). The voltage dependence of activation of I, does change during development, with the threshold of activation being about 20 mV more negative at 30 hr than at 4 hr (Fig. 3A) . A negative shift in the activation threshold of the delayed rectifier potassium current has also been observed during the development of cleavage-arrested muscle-lineage blastomeres from ascidian embryos (Shidara and Okamura, 1991) . IK also becomes more rapidly inactivating at later times ( Fig.  I ; Spruce and Moody, I992), consistent with the inactivating nature of the delayed rectifier current in mature muscle (Stanfield, 1970) .
The inwardly rectifying potassium current (I,,,) appears about the same time as I,, and its development shows a similar time course to that of I, (Figs. I, 2) . I,, density increases steadily up to I4 hr, decreases slightly between I4 and 22 hr. and then begins to increase again. I,,, shows no change in kinetics or voltage dependence during its development (Figs. I, 3B) .
Two additional depolarization-activated currents appear around 8 hr-a fast inward sodium current (I,,,) and a transient, A-type potassium current (IA; Fig. I ). The expression of these two transient currents appears to be very well correlated temporally. Between 8 and IO hr, I,., was identified in 41% of cells examined (23 of 56) and I, in 37% (2 1 I,,,, compared with 12% (4 of 33) of cells with no I,,. Z, is not a sodium-activated potassium current, however, since it is unaffected by blocking IN,, with TTX (not shown). In contrast with the development of I, and I,,, I,;, increases steadily from the time at which it is first observed until 26 hr. Thus, between 14 and I8 hr, the densities of both I, and I,, are decreasing, while I,,, density continues to increase, raising the possibility that electrical excitability may be increasing over this period.
Embryonic Xenoplcs myocytes also express a dihydropyridine-sensitive voltage-gated calcium current with properties similar to those seen in adult muscle (Moody-Corbett et al., 1989) ; however, the early developmental profile of this current has not been investigated. The development of barium currents through calcium channels (I,,,) is shown in Figure 4 . I,., is acquired by most cells around I O-l 2 hr, and was identified in almost all cells (40 of 41) from 16 hr onwards. As with INi,, Z,,, density appears to increase steadily during development. myocytes in the presence of TTX (Linsdell and Moody, 1994) . To determine the effects of electrical activity on the different phases of I, development identified in Figure 2A , we made whole-cell recordings between 0 and 30 hr from myocytes cultured in the continuous presence of TTX (see Materials and Methods). TTX had no effect on I, until 12 hr (Fig. 5A) , shortly after the time of acquisition of Z,, in most cells (Fig. 2C) , strongly suggesting that the effects of TTX are due to block of ZNil. I, density was significantly less in TTX-cultured myocytes than controls at 12-14 hr and 20-26 hr (~7 < 0.05, one-tailed r test; Fig. 5A ). Removal of TTX from older cultures had no effect on I, density (not shown), indicating that this current is insensitive to either sodium entry or to TTX itself. Although TTX culture greatly reduces the density of I,, it does not seem to affect the normal developmental change seen in I, voltage dependence (Fig. 6 ). This suggests that TTX reduces the overall level of expression of functional potassium channels, rather than specifically preventing the appearance of a more mature type of channel. The expression of I, at late times in these cells is partly depenFollowing complete TTX removal, it was also observed that dent on electrical activity, as it can be reduced by culturing Z,,, density was significantly less than in myocytes cultured in the absence of TTX (Fig. 7) . To ensure all TTX was effectively removed from the external solution following thorough washing, control Danilchik's medium was also applied directly to cells from a nearby perfusion pipette during recording. INr amplitude following perfusion of TTX-free Danilchik's medium was 101. I t 8.8% of that before perfusion (but after washing; n = 8), indicating that all TTX had already been effectively removed by washing. Thus, it appears that culturing these muscle cells in the presence of TTX reduces the functional expression of I,,, suggesting that electrical activity during early myogenesis increases the expression of I,. as well as I,.
TTX had no effect on the development of I,, (Fig. SB; Linsdell and Moody, 1994 pears not to regulate either I,, or I,, development. Because many of the reported effects of electrical activity on muscle properties appear to involve calcium entry through voltage-gated channels (Smilowitz et al., 1988; Brodie et al., 1989; Klarsfeld et al., 1989; Huang et al., 1994) , we also tested the effects of the calcium channel blocker nifedipine on potassium and sodium current development.
Culturing myocytes in the presence of nifedipine reduced the development not only of I, and IN,t, but also to a lesser extent I,, (Fig. 8) . The similar effects of TTX and nifedipine on the development of I, and I,, suggest that the effects of electrical activity on these two currents are mediated via activation of voltage-gated calcium channels. The fact that I,R expression is reduced by nifedipine but not by TTX suggests that, even when electrical activity is blocked, sufficient calcium entry occurs to fully stimulate development of this current.
Culturing myocytes in the presence of dantrolene, which blocks calcium efflux from internal stores, did not mimic the effects of nifedipine on the expression of either I, or I,,, (data not shown), suggesting that the effects of calcium entry through voltage-gated channels are not mediated by calcium-dependent calcium release from internal stores. This contrasts with the calcium-dependent differentiation of X~rzopus spinal neurons, which is disrupted by depletion of internal calcium stores (Holiday et al., 1991) . Acetylcholine receptor gene expression in the mouse muscle cell line C2Cl2 is regulated by calcium entry through voltage-gated channels, but not by calcium released from internal stores (Huang et al., 1994) .
Discussion
Development of the Xerzopus embryo is very rapid. with spontaneous movements beginning around 30 hr after fertilization. This rate of development is reflected in the rapidly changing electrophysiological properties of cultured embryonic myocytes. Under our culture conditions, these cells acquire I,, I,,, I,, I,;,. and I,, over a period of about I2 hr, thereby developing from a state of having no voltage-gated currents to one of having a similar complement of currents to those seen in adult muscle. These cultured cells also first begin to show contractions in response to application of high concentrations of potassium or depolarizing pulses applied through the patch pipette around I2 hr after stage 1.5, or 30 hr after fertilization (l? Linsdell, unpublished observations), suggesting that electrical development in culture approximates that in viva.
Although the electrical development of these cells is characterized by dramatic increases in potassium and sodium current densities (Fig. 3) , perhaps more intriguing is the decrease in potassium current densities that occur between I4 and 18 hr for I,, and between I4 and 22 hr for I,K. Over the same period of time, I,, density continues to increase; for example, between I4 and 18 hr, mean IN, density increases by 62%. while mean I, density decreases by 39% and mean I,K density decreases by 16%. Although the relative densities of these currents are not the sole determinants of the state of electrical excitability, it is possible that these changes in current densities allow for a brief A. , and 30 hr. constructed using data from 7-13 cells at each stage. Current amplitudes were measured as described in Materials and Methods and used to calculate relative conductances using a calculated potassium equilibrium potential of -75 mV. B, mean steady-state current-voltage relationship for I,, at 8 and 24 hr after stage 15, constructed using data from 5-16 cells at each stage. In both A and B, error bars represent t SEM, where this is larger than the size of the symbol.
period in the development of these myocytes during which electrical activity is increased. The developmental time course of I, in the presence of TTX (Fig. 5A ) does, indeed, suggest a key role for electrical activity around this time. The largest effect of TTX on I, occurs between 20 and 26 hr (Fig. 5A) , shortly following the suggested period of increased activity outlined above. At later times, I, densities in control and TTX-cultured myocytes are more similar, suggesting that at these times electrical activity plays no role in controlling I, expression. However, this "catching up" of I, density at late times does not occur in cells cultured in the presence of nifedipine (Fig. 8A) . In fact, nifedipine appears to prevent the secondary increases in both I, and I,, density (Fig.  8A,B) . This apparent anomaly between the effects of TTX and nifedipine suggests that at later developmental times, I,,, density is large enough to allow sufficient calcium entry to stimulate I, and I,, expression even in the absence of I,,%-induced electrical activity. The effects of electrical activity at earlier times seem certain to be mediated via activation of voltage-gated calcium channels; TTX and nifedipine have similar effects on the expression of I,, I,,, and f,,, and the onset of TTX-sensitivity of IK expression occurs around the time of acquisition of I,,, (Figs. 4, 5A) .
Cultured Xenopus muscle cells do not exhibit spontaneous contractions, suggesting that aneurally cultured myocytes are not spontaneously active. It is unclear therefore how sodium and calcium channel activities are linked. It is possible that at early developmental stages such as those examined here, these cells could exhibit spontaneous activity that is subthreshold for action potential generation, or that single action potentials may be in- sufficient to initiate contraction. Alternatively, since we find that both I,, (Fig. 2C) and Ic,, (Fig. 4B) are present before the cells become contractile (around 12 hr after stage 15; see above), it may be that spontaneous activity occurs before the development of excitation-contraction coupling. The development of I, and I,, in the presence of nifedipine (Fig. 8A,B) suggest that the two apparent phases of potassium current expression (see Fig. 2A,B) are functionally separable components, since the secondary increase in each current (beginning around 20 hr for I, and 24 hr for I,,) is effectively abolished in the presence of nifedipine. We suggest that the de velopment of voltage-gated potassium currents by these myocytes is controlled by two separate, sequential programs of functional channel expression, the first (O-14 hr) being intrinsic to the muscle cells, and the second being stimulated by calcium influx. However, even the "intrinsic"
program is sensitive to electrical activity, since the earliest expression of IK and I,, (O-S hr) can be stimulated by increased electrical activity following sodium channel misexpression (Linsdell and Moody, 1994) . The mechanism linking electrical activity with this early phase of potassium current expression is unknown, since we have no evidence for the presence of functional calcium currents in these cells before 8 hr.
The electrical activity-dependent expression of I, in these cells has previously been suggested to provide a compensatory feedback mechanism to control membrane excitability (Linsdell and Moody, 1994). However, electrical activity also appears to with the TTX removed just prior to recording (see text). Direct application of TTXfree solution to this cell did not lead to any further increase in I,,,. indicating that all TTX had been effectively removed and that the level of sodium channel expression had been reduced by TTX culture. Holding potential ~ 100 mV; voltage steps to between ~60 and +20 mV. Data is shown as mean + SEM (where this is larger than the size of the symbol) from 13-37 control cells and 3-l 5 nifedipine cultured cells. *Represents those time points at which mean current density is significantly less in nifedipine-cultured cells than in control cells @ < 0.05. one-tailed t test). increase the expression of I,, (Fig. 7) , which would be expected to constitute a positive feedback mechanism.
This unexpected finding contrasts with previous reports on the effects of electrical activity on the expression of sodium channels in mammalian skeletal muscle (Sherman and Catterall, 1984; Bar-Sagi and Prives, 1985; Brodie et al., 1989; Offord and Catterall, 1989) and neurons (Dargent and Couraud, 1990) . The presence of such a positive feedback system might allow a very rapid increase in I,,, density, which may be important in driving other activitydependent developmental processes and so ensuring muscle development proceeds as quickly as possible.
Our results indicate that electrical activity and calcium influx play a key role in ion channel development in embryonic Xenopus myocytes. We suggest that the initial acquisition of voltagegated sodium and calcium channels, possibly coupled with a decrease in potassium current density, lead to an increase in electrical activity and thus an increase in voltage-gated calcium influx. The earliest appearance of these two channel types would therefore seem to signal the beginning of a critical period in the electrical development of these cells.
In viva, innervation of embryonic Xenopus mesoderm begins around 5-6 hr after stage 15 (approximately stage 2 l-22). causing an almost immediate increase in both electrical activity (Evers et al., 1989) and intracellular calcium concentration (Zhu and Peng, 1988) in the postsynaptic cell, which, according to our findings, should profoundly influence muscle ion channel development. However, our results on aneurally cultured muscle cells indicate that muscle cells also have their own intrinsic patterns of electrical development, and are not merely the passive recipients of nerve-induced electrical activity.
